Effective inter-organizational collaboration is essential to a community's ability to leverage social and material resources for community problem solving, particularly in the face of complex public health problems. This study used network analysis to document the evolution of collaboration among 21 organizations in the Tar Creek Superfund site in northeastern Oklahoma from 1997 to 2005. The Tar Creek Superfund site was part of a major lead and zinc mining operation and suffers from widespread heavy metal contamination. An organizational network of 21 organizations and a subset of eight tribes were assessed through interviews at three points in time for density and centrality. In addition to collaboration on any topic, we examined information exchange and joint planning related to lead. Density scores were consistently higher in 2005 than in 1997 for both the full and tribal networks. Centralization indices for information exchange showed a marked reduction in the hierarchical structure of information exchange over time. Of particular note is that tribal linkages with local, state and federal agencies increased over time, as did inter-tribal linkages to address the lead issue.
Introduction
Complex environmental health problems are rooted in multifaceted and dynamic political, cultural, economic and social systems. Characterized by multiple stakeholders, often with differing values, disagreements over both problem definition and solutions are common [1] . Moreover, complex environmental health problems are often sufficiently unique to preclude traditional solutions, and uncertainty can exist over when a problem is adequately resolved. Such complexity and uncertainty have existed at the Tar Creek Superfund site in northeastern Oklahoma, since the site was placed on the National Priorities List in 1983 amid concerns of aquifer contamination. The site was later expanded to address heavy metal soil contamination and elevated blood lead levels among local Native American children [2] [3] [4] [5] . The area, home to nine Indian nations, was part of a historic lead and zinc mining operation, active from the late 1880's to 1970. Roughly 50 million tons of mine tailings containing lead and a mixture of other heavy metals cover 40 square miles of land in this region [6] . Commercial use of mine tailings has contributed to the local economy for decades and many local residents have a sense of pride associated with the area's mining history.
organizations. Local, state and federal agencies must interact effectively with each other and with community groups. Likewise, organizations and tribal governments based in the community need to interact with each other and with those organizations external to the community that control resources or policies that affect the situation. Interorganizational collaboration can lead to pooling of local and external resources, expertise and perspectives which, in turn, contribute to more effective solutions than likely from an organization working independently [7] . Complementary knowledge from diverse perspectives allows for a more accurate understanding of problems and their context. A collaborative problem-solving process builds on local assets, allows for tailoring to local context, creates linkages across services, programs and policies and encourages action on multiple determinants of a problem [8] . Collaboration can reduce duplication and enhance coordination, build constituencies for particular issues, maximize power through collective action, provide access to external resources and share costs and risks associated with tackling community problems [9] [10] [11] [12] .
Ultimate success in addressing an environmental health problem involves mitigation or remediation of the source of exposure and primary prevention of adverse health effects associated with exposure. Complex environmental health problems, however, can often seem intractable with slow progress toward a solution taking years or decades. From a local perspective, inter-organizational collaboration is an essential initial step in leveraging social and material resources for community problem solving. Reciprocal links within a network of organizations, frequent and productive interactions among network members and an ability to form new linkages have been identified as integral features of community capacity [13, 14] .
Network analysis
One promising method for assessing interorganizational collaboration is network analysis. In health, network analysis has been used to document personal social networks, coordination of services and more recently, inter-organizational collaboration around chronic disease prevention and health promotion [15] [16] [17] . Typical network measures include density and centrality. Density, the actual number of linkages in the network out of the number of possible linkages, can indicate the extent of communication and cooperation between actors in a network [12, 18] . Centrality examines the prominence of a particular organization in a network, with those in central positions more powerful in controlling the flow of information [18] [19] [20] . Organizations in central positions receive information before other organizations and can broker information or resource exchange between organizations [21, 22] . Betweenness centrality, related to the number of times an organization is located on the shortest path between two other organizations, indicates an organization's control over information and its function as a gatekeeper [16, 19, [22] [23] [24] .
Purpose of the study
The current study assesses changes in interorganizational collaboration in 21 organizations either located in or working in Ottawa County, Oklahoma. Data are from an evaluation of the Tribal Efforts Against Lead (TEAL) Project. The TEAL Project was a community-based participatory research project that tested the effectiveness of a lay health advisor intervention in (i) strengthening the capacity of the Native American community to respond to a severe environmental lead problem and (ii) reducing childhood lead exposure through preventive behavior and policy actions [25, 26] . A community advisory board (CAB) was established to guide the project, which ran from 1996 to 2006. Members of the CAB met quarterly throughout the duration of the project and mainly represented tribal environmental programs and local public health and environmental agencies. As concern over the contamination and associated health problems grew in Ottawa County, additional collaborative structures were formed.
Research questions include the following: (i) did inter-organizational network density increase over M. C. Kegler et al.
time for information exchange and joint planning of lead-related projects in Ottawa County, Oklahoma? and (ii) which organizations were central in the network and how did betweenness centrality change over time within the network? Each question was examined for a network of 21 organizations and for a smaller subset of eight tribal governments, the latter because the TEAL Project focused on the Native American community. We examined the networks at three levels of collaboration: any type of collaboration (not lead specific), information exchange regarding lead and joint planning regarding lead. 
Methods

Study participants
Data collection
The research protocol was reviewed and approved by Emory University's Institutional Review Board.
Interviews took 30-45 min and the majority of interviews were conducted in-person by the local TEAL Project Coordinator. Interviews covered stage and intensity of collaboration of the respondent's organization with each of the other organizations in the network during the reference year.
Respondents were asked to assess both the level of collaboration in general and the level specific to lead. General collaboration was assessed by asking: 'How often in [Year] did your organization work with (Org. 1-25)?' If collaboration was reported, we assessed two stages of collaboration specific to lead issues: information exchange and joint planning. 
Data analysis
Data were entered into SPSS 14.0 for Windows for descriptive analyses and UCINET 5.0 for Windows for network analyses [27] . In UCINET 5.0, data were entered into a data set which comprised a separate matrix for each stage of collaboration. For the density and betweenness analyses, the original matrix data based on intensity scores were dichotomized to indicate presence (i.e. exchanged or shared information with a specific organization at least once in the referent year) or absence of a dyadic relationship (i.e. never exchanged or shared information with a specific organization in the referent year). Density scores, expressed as the number of existent relationships in a given matrix as a proportion of the total number of possible relationships in that matrix, were calculated for the 21 organizations and for tribal governments at each level of collaboration. For the current study, density assessed the number of organizations that were linked to at least one of the other organizations in the network as a proportion of all the possible linkages between organizations in the network. Density Using network analysis to assess the evolution of organizational collaboration was calculated using both the confirmed (or symmetric data), meaning the relationship was acknowledged by both organizations in the dyad, and the unconfirmed (or asymmetric) data.
Betweenness scores, also calculated in UCINET 5.0, are a measure of the proportionate number of times an organization is located on the geodesic path between two other actors [18] . In other words, betweenness scores assess the degree to which an organization mediates linkages between non-adjacent organizations or dyads with no direct connection [18, 19, 22] . Betweenness scores are standardized such that a score of 100 indicates a connection of one organization with all other organizations in the network. Measures of betweenness centrality also include a centralization index, which is an expression of the actual centralization of a network compared with the maximum possible centralization for that network. In other words, it summarizes the number of times an organization is located on the shortest path between two other organizations. The centralization index is 0% when all organizations in the network have the same betweenness centrality score and 100% when one organization occupies all geodesic paths between organizations in the network [18] . Thus, the centralization index summarizes the variability of betweenness centrality or the distribution of connections across all organizations in the network [19] .
NetDraw 2.062 (Analytic Technologies, Inc.) was used to create sociograms or visual representations of network data in graphical form. The multidimensional scaling technique was used to determine the layout of the diagrams. The node repulsion feature was also enabled in order to create a minimum distance between organizations, providing some separation even between those organizations that are located a short distance from one another and thus share many of the same organizational linkages [21] .
Results
Density scores for all of the organizations (n = 21) and tribal governments (n = 8) are shown for any type of collaboration and for two stages of leadrelated collaboration (Table I) . Density is shown for both confirmed/symmetric and unconfirmed/ 
is also reflected in the decrease of the centralization index. Finally the mean betweenness score dropped to 0.25 in 2005, suggesting a substantive shift to a non-hierarchical structure of information exchange between tribes. The pattern of betweenness centrality scores for joint planning among tribes was different, with a relatively non-hierarchical structure at all time points. Betweenness centrality scores assess the degree to which an organization mediates linkages between non-adjacent dyads with no direct connection (possible scores 0-100); rankings based on centrality scores with greater precision than displaced in the table.
Using network analysis to assess the evolution of organizational collaboration Betweenness centrality scores are shown for all 21 organizations in both the information exchange and joint planning networks in Table III . For information exchange in 1997, the most central organization was a tribal government. In 2000, a local health agency was the most central. In 2005, a federal agency occupied the most central position in the network. Over this same time period, the centralization index decreased, which suggests a more horizontal network with respect to information exchange. In the joint planning network, a local organization was most central at all three time points, shifting from a tribal government in 1997 to a tribal organization in 2005. This network also became more horizontal over time.
The average rank of the tribal governments in 1997 to 2005 for both the information exchange network and the joint planning network showed a modest increase over time with respect to betweenness centrality (not shown). The average tribal ranking for betweenness centrality shifted from 11.1 to 8.1 within information exchange and from 12.6 to 9.3 for joint planning, thus suggesting that tribes as a group became more influential over time. Figures 1-3 show the evolution of the full joint planning network visually. Of particular note is the increased density over time and the inclusion of more of the organizations in this network over time. Also of note is that in 1997, one tribe served as Betweenness centrality scores assess the degree to which an organization mediates linkages between non-adjacent dyads with no direct connection (possible scores 0-100); rankings based on centrality scores with greater precision than displaced in the table.
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a gatekeeper to four other tribes and three tribes were excluded from the joint planning network. By 2005, all eight tribes were in the joint planning network and the majority had direct links with the local, state and federal agencies involved in the lead issue. The tribes were also more closely linked with one another in their efforts to address lead.
Discussion
Understanding the relationships among organizations involved in addressing a complex environmental health problem is one way to document changes in community capacity. In this study, we examined the evolution of an organizational network in the Tar Creek Superfund site over a 9-year period. The first network assessment occurred in 1997 when public concern over the environmental threat was still modest. The third assessment occurred in 2005 after significant state and federal response to the problem, including a Governor's Task Force and a federal buyout program for persons living in the towns most affected. Our primary research question was whether inter-organizational collaboration to address the environmental health problem had strengthened over time in the local Native American community. We were particularly Using network analysis to assess the evolution of organizational collaboration interested in greater density between tribal governments over time and central positioning of tribal governments within the larger network. We were also interested in greater density across the full network of tribal governments, tribal organizations, schools and government agencies. One significant finding was that network density did increase between 1997 and 2005, for both the tribal network and the full network. This occurred in both information exchange and joint planning, suggesting that a larger proportion of organizations had relationships with other organizations around the lead problem in 2005 than in 1997. In one of the few other longitudinal analyses of organizational network data within a public health context, Provan et al. [15] observed increases in density for shared information and referrals over a 1-year time period. They concluded that efforts to build community capacity through formation of a broad-based coalition can be successful in furthering collaboration. In Ottawa County, several collaborative structures were formed during the course of this study, including a Governor's Task Force, a local health coalition and an inter-tribal committee focused on environmental issues related to the contamination. The CAB continued to meet regularly to address the lead issues throughout the course of the intervention as well. None of these structures mirrored the composition of the larger network studied here, although many organizations were members of one or more of these structures.
The betweenness centrality scores for information exchange for the tribal network also tell an interesting story. In 1997, one tribe showed a higher score than all the other tribes, suggesting that information was flowing largely through this tribal government, which happened to be the tribe most affected by contamination of their lands. The flow of information was more balanced in 2000 with three tribes showing higher centrality scores. By 2005, the tribal network with respect to information exchange was more horizontal with five tribes having the same betweenness score.
Likewise, the full network is interesting to examine in terms of centrality scores. We observed a shift from a prominent tribal government in 1997 to a federal agency occupying the most central position in 2005. It should be noted, however, that the network became significantly more horizontal over time. This shift is supported by the timeline of Using network analysis to assess the evolution of organizational collaboration events. In 1997, local concern over the issue was growing, but state and federal governments had not yet mounted a full response. In 2000 and later, health and environmental protection agencies were heavily engaged with yard remediation, a Governor's Task Force released its report and federal dollars flowed to several local organizations for remediation, community education and blood lead screening.
This pattern was somewhat different when the joint planning network was examined, with local organizations occupying the central position at all three time points. The joint planning sociograms are particularly interesting. A greater number of organizations were involved in the network over time and tribes exhibited increased linkages to agencies over time. This is a particularly important indicator of community capacity because it suggests tribal linkages to resources important to addressing the lead problem in the area.
This study has several limitations. First, the network boundaries could be considered arbitrary. Organizations were selected by the research team and CAB because of their key role in addressing the problem and/or building community capacity to respond to the environmental problem. Many other studies use either snowball sampling or a more structured method with formally defined inclusion and exclusion criteria [18, 20] . Second, we relied on only one respondent per organization. However, a more in-depth analysis of multiple versus single respondents from our 2000 network data showed no significant differences in the number or linkages reported by staff-level respondents or higher level administrators or directors. Thus, at least in rural communities with smaller organizations, it appears that top administrators seem to have adequate knowledge of the full range of organizational linkages [28] . Third, in all three rounds of data collection, respondents were asked to recall interactions from the previous calendar year, potentially resulting in recall bias. Fourth, we cannot attribute the observed changes in organizational networks to the TEAL Project alone. Superfund sites have complex organizational landscapes and once momentum starts to build, multiple players collaborate in a variety of ways driven by various agendas and streams of funding. Thus, the TEAL Project was just one of many drivers of the enhanced interorganizational linkages observed in the Tar Creek Superfund site. Lastly, network analysis, based on the existence of a linkage and/or the frequency of interaction, neither allow for an assessment of the quality of the relationships nor can we use network analysis alone to assess whether changes in network structure are associated with desired outcomes.
This research contributes to our theoretical understanding of the relationship between community capacity and inter-organizational collaboration. In theoretical work on community capacity, interorganizational networks are consistently identified as an important construct [12] [13] [14] . Our findings, however, combined with those of Valente et al. [29] , suggest that the relationship between network characteristics and community capacity depends on how each is operationalized. Valente et al. examined density and centrality for coalitions in 24 cities and found that decreases in density were associated with several coalition outcomes, including adoption of evidence-based programs. They argued that high density may mean that member organizations are directed internally with insufficient ties to information and resources outside of the coalition. In contrast, our network included organizations from outside of the community, such as state and federal agencies that controlled critical information and resources for addressing the environmental health problem. Thus, the boundaries of the organizational network are important to consider in assessing how network characteristics link to community capacity.
A related question is whether the changes in network structure documented in our study were associated with other signs of increased community capacity. According to recent models of community capacity tailored to an environmental health context, behavioral manifestations of capacity include evidence that residents and community partners (i) create linkages with one another, (ii) find and apply resources for solving the problem, (iii) acquire and use power to achieve goals and (iv) take action [30, 31] . In a more in-depth analysis of our 2000 findings, we found associations between the number of M. C. Kegler et al. linkages and the existence of a lead program and number of staff assigned to work on lead [28] . More recently, Minkler et al. [31] included the TEAL Project in a multiple case study that documented how community capacity contributed to policyrelated outcomes. The TEAL Project's health and policy-related outcomes are reported in detail elsewhere, but include reductions in blood lead levels and several changes in organizational policies and practices [25, 32] . Although our research design precludes attribution of these positive outcomes to changes in community capacity, the combined positive results are consistent with predicted relationships between inter-organizational collaboration, community capacity and community change.
This study has several implications for research. First, longitudinal network analysis is a viable method for tracking how organizations interact over time and may be a reasonable indicator of improvements in community capacity. Ideally, however, qualitative analyses of social power would be conducted alongside network analysis to document who the new relationships are benefiting and in what ways. Within an environmental decisionmaking context, participatory processes can sometimes be manipulated by those in power to control resources, set the agenda, control forms of participation and limit the range of possible solutions [33, 34] . Understanding the impact of a federal agency occupying a central role in a largely local inter-organizational network, for example, would provide a more nuanced view of organizational linkages and the use of power within a community. Second, it would be useful to document associations between network measures and actual policy change or health outcomes using research designs that allow for attribution. Third, it would be interesting to document the sustainability of these collaborative relationships over time. Many of the collaborations documented here continued through complementary collaborative structures. For example, in 2004, a second university designated Ottawa County as its community partner and formed an advisory group similar to that established for TEAL. Research on coalitions has documented that new collaborative initiatives tend to build on prior organizational relationships within communities [35, 36] . This 'readiness' for collaboration can be viewed as one approach to sustainability and also partially explains why inter-organizational collaboration is commonly identified as a dimension of community capacity. Fourth, it would be valuable to test different models of enhancing organizational networks. Although the TEAL Project likely contributed by establishing a CAB and forming a network of tribal lay health advisors, our study design does not allow us to tease apart which activities contributed most substantively to the increases in collaboration documented here.
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